1. We present ecosystem respiration data from two Mediterranean forest sites in central Italy (Castelporziano) and southern France (Puéchabon) in order to analyse the role of soil drought and decomposition dynamics using different models. 2. Ecosystem respiration was derived from continuous eddy covariance measurements. The entire data set was separated into 5-day periods. For each period a function depending on three parameters was fitted to the scatter of eddy CO 2 flux versus photosynthetic photon flux density. The y intercept of each curve was taken as an estimate of the average night-time ecosystem respiration during the period. The ecosystem respiration was analysed with different regression models as a function of soil water content and temperature. 3. Ecosystem respiration ranged from 1 to 7 µ mol m -2 s -1 and showed a clear seasonality, with low rates during drought periods and in winter. The regression model analysis revealed that in drier soil, ecosystem respiration was more sensitive to soil moisture than is expressed by the often used hyperbolic model. 4. In contradiction to a simple multiplicative model, the Q 10 of ecosystem respiration was not independent of moisture, but increased from nearly 1·0 at low moisture to above 2·0 at field capacity. Several explanations are discussed. 5. Of the variance in ecosystem respiration, 70-80% was explained with a model where Q 10 of ecosystem respiration is a function of soil water content. 6. For the Puéchabon site, a soil carbon-balance model predicted only small changes in litter pool size (max. 7%), which caused only minor changes in soil microbial respiration (0·1 µ mol m -2 s -1 ). In contrast, the contribution of microbial regrowth dynamics to ecosystem respiration is estimated to be substantial ( ≈ 1·6 µ mol m -2 s -1 ). The model predicted that soil microbial respiration probably provides the largest contribution to ecosystem respiration ( ≈ 50%). The importance of below-ground processes for ecosystem C balances is thus emphasized.
Introduction
To predict long-term trends in carbon sequestration by ecosystems, it is necessary to understand the responses of ecosystem respiration -defined as the sum of soil microbial, root, leaf and stem respiration -to environmental factors (Johnson et al . 1996; Jones et al . 2000; Valentini et al . 2000; Vourlitis & Oechel 1999) .
A consensus exists with respect to the importance of temperature and water availability in determining ecosystem CO 2 emissions. Several reviews have examined the analysis and description of temperature induced increases in soil respiration (Kätterer et al . 1998; Kirschbaum 1995; Lloyd & Taylor 1994) . Less consistent results have been recorded with respect to the influence of soil moisture on respiration, so that different functions describing the dependence have been applied: linear (Epron et al . 1999; Norman et al . 1992) ; exponential (Davidson et al . 1998; Fang & Moncrieff 1999; Keith et al . 1997) ; and hyperbolic (Bunnell et al . 1977; Carlyle & BaThan 1988; Hanson et al . 1993; Schlentner & van Cleve 1985) . When describing temperature and moisture effects on soil or ecosystem respiration simultaneously, for example in models of global change, it has been assumed that the effects of individual factors may be multiplicative (Bunnell et al . 1977; Fang & Moncrieff 1999; Hanson et al . 1993 ). However, this assumption is not well tested and might lead to an overestimation of the respiration response to warming under dry soil conditions (Borken et al . 1999) .
Information on the processes controlling net C gain have often been obtained in extreme habitats, e.g. shaded, hot or cold. The Mediterranean environment is special in that prolonged drought re-occurs annually in a relatively predictable, simple manner (long-term slow drying of the system followed by re-wetting). Thus Mediterranean sites are ideal to examine temporal changes in ecosystem C balance (CO 2 fixation, leaf and root phenology, litter and microbial dynamics) in response to soil water availability and temperature (Bottner et al . 1995; di Castri 1981; Rovira & Vallejo 1997) .
While several studies of soil respiration in Mediterranean regions have been conducted in the laboratory (Leirós et al . 1999 ) and with small chambers in the field (Casals et al . 2000; Merzouki 1986; Pinol et al . 1995) , eddy covariance non-intrusively estimates C fluxes under field conditions and at the stand level (Baldocchi et al . 1996) . Here we report hourly net ecosystem CO 2 exchange measured using eddy covariance in two Mediterranean Quercus ilex L. forests. We attempt to estimate the seasonal course of ecosystem respiration. Our major objective was to evaluate current model assumptions describing soil respiration as a function of soil temperature and moisture. Further, by using a C balance model, the contribution of soil microbial respiration to total ecosystem respiration was estimated. How variation in soil litter pools may contribute to variability in overall ecosystem CO 2 losses was also tested.
Materials and methods

 
An overview over the site characteristics is given in Table 1 . Although climatically quite similar, the two sites differ substantially with respect to water availability due to pedological conditions. Owing to the low maximum soil water availability (150 mm) at Puéchabon/France, this site is more xeric than the Castelporziano / Italy site, where roots have access to groundwater (Valentini et al . 1992) . These conditions are the main reason for the weaker canopy development at Puéchabon (Table 1) . See Manes et al . (1997) ; Merzouki (1986) ; Joffre et al . (1996) for a more extensive description of the site.
   
Net ecosystem CO 2 exchange was measured continuously by eddy covariance (Baldocchi et al . 1996) . The instruments were a 3D sonic anemometer (Solent, Gill Instruments Ltd, Lymington, UK) which measures the wind vector and air temperature, and a closed-path infrared gas analyser sampling with 10 Hz (IRGA; LI6262, Li-Cor Inc., Lincoln, NK, USA). The eddy covariance system and data processing were as described by Aubinet et al . (2000) (see Table 1 for further information). The half-hourly data sets of CO 2 exchange ( Fc ) and meteorological conditions were aggregated to hourly data by averaging the two observations per hour. In a preparatory step, night-time CO 2 fluxes at air temperatures between 10 and 15 ° C and with apparently high soil moisture were plotted against friction velocity ( u *). At both sites, these fluxes increased with u * at low u *, and saturated at higher friction velocities. Based on a fitted function, Fc ( u *) = Fc max [1 -exp(-k u *)], at least 95% of the maximal night-time CO 2 flux was reached at friction velocities above 0·2 m s -1 ( k always >15 s m -1
). All eddy covariance data with u * < 0·2 m s -1 were excluded from the analysis, as it is likely that under these conditions storage and advection can reduce gas fluxes through the boundary layer. Similarly, negative night fluxes (i.e. with night C uptake) were excluded. In total, 2260 values or 47% of the Puéchabon, and 4432 values or 60% of the Castelporziano hourly data were excluded.
Ecosystem respiration was estimated from scatterplots of net ecosystem CO 2 exchange (NEE) versus photon flux density over the canopy as follows. The time-series data were separated into periods of 5 days starting at January 1. For each period with more than 10 night-time observations, the three-parameter stepwise linear regression model: ). In addition, for each 5-day period the averages of air and soil temperature, friction velocity ( u *) and soil water content (SWC) were computed, excluding the same data as in the regression analysis. This procedure resulted in a data set of 5-day means of air and soil temperatures, SWC, u * and R eco . For 86% (Puéchabon) and 58% (Castelporziano) of the 5-day periods, respectively, it was possible to provide an estimate of ecosystem respiration according to this procedure.
The SWC was measured bi-weekly at Castelporziano by time domain reflectrometry, and monthly at Puéchabon with neutron probes (cf. Table 1 ). To interpolate the discontinuous measurements of SWC, a mechanistic model of one-dimensional soil heat and water was utilized (Moldrup et al . 1989; Moldrup et al . 1991 , slightly modified as in Reichstein 2001) . Driven by hourly observations of global radiation, air temperature, precipitation, vapour pressure deficit and wind speed, this model simulates infiltration and evaporation of water into/from the soil, unsaturated water flow (Richards equation) and extraction of soil water by roots. The total demand of water for transpiration was given by observations of sap flow, which have been performed continuously at both sites. Soil temperature was measured continuously at 10 and 30 cm depth at the Castelporziano site, and was used to test the soil heat transport model. At the Puéchabon site, soil temperatures were generated only by the model.
  
The ecosystem respiration data were analysed with four different models, each with different and partly mutually exclusive assumptions. In all models, soil temperature and soil moisture in the upper soil layer were taken as predictors of ecosystem respiration.
In the first two models, ecosystem respiration was described as being multiplicatively dependent on soil temperature ( T soil ) and soil water content ( SWC ):
eqn 2 where R eco,ref is the ecosystem respiration at 15 ° C and optimal soil moisture, and f ( T soil ) is the function of Lloyd & Taylor (1994) , normalized to 15 ° C: eqn 3
where T ref and T 0 are fixed to 15 and -46 ° C, respectively. E 0 , in contrast, was considered to be a free parameter and was fitted to each data set. Models I and II differ only in the moisture functions used. While in model I the commonly applied saturation function eqn 4 (cf. Bunnell et al . 1977; Hanson et al . 1993) was used, in model II a new function eqn 5 was used. This is a generalization of model I and allows higher sensitivity of respiration to soil water content during dry periods. The parameters SWC 1/2 and SWC 0 are the soil water content at which the halfmaximal respiration occurs and the residual soil water content at which respiration is zero, respectively. SWC can be expressed either in absolute terms, as m 3 water per m 3 total soil volume (θ), or as relative soil water content (RSWC ) as a fraction of field capacity: RSWC = θ/ θ at field capacity (field capacity operationally defined as SWC at a matric potential of 330 hPa).
Models I and II imply that the temperature sensitivity of ecosystem respiration is independent of soil moisture. This assumption is challenged by model approaches III and IV. In model III the data set was split into soil moisture classes (of equal number of observations), and for each class the temperature dependence of ecosystem respiration was described by a simple Q 10 function: eqn 6
(T ref = 15 °C). For each moisture class an independent estimate of Q 10 was obtained. In model IV, the Q 10 of ecosystem respiration was explicitly linearly dependent on SWC:
eqn 7
A positive b 2 would mean, for example, that temperature sensitivity increases with increasing SWC, in contrast to the assumption that temperature and moisture act multiplicatively on ecosystem respiration.
Parameters of all models were estimated from the data sets of 5-daily aggregated ecosystem respiration, soil temperature and soil moisture.
    
We tested For each time step, the inputs to the ICBM are litter fall (kg m -2 per unit time) and abiotic conditions for decomposition expressed as a scalar r. The annual leaflitter fall had been measured at the site for 10 consecutive years (Joffre et al. 1996) , while the intra-annual dynamics of leaf-litter fall and the ratio of total litter to leaf litter were assumed to be equal to a nearby site (Lossaint & Rapp 1978) . The scalar r was computed hourly with the functions of model IV (Eqns 5 and 6).
For the parameterization of the ICBM, the mass of litter per m 2 (interpreted as C Y ) was measured in the field by sampling the litter from 30 randomly selected circles of 20 cm diameter at Puéchabon in February 1999. For the estimation of area-based soil C storage, reliable estimates of the soil C mass per kg soil were available at Puéchabon. For converting these into areabased values, the bulk density and the stone content of the soil were estimated in the field as in Deutschmann et al. (1994) . The rate constant k 1 and the humification coefficient h were estimated from decomposition experiments of Q. ilex litter (leaves and flowers; Gillon et al. 1994) according to Andrén & Kätterer (1997) . The decomposition rate constant k 2 was parameterized by solving the steady-state equation (eqn 9) for k 2 (cf. Andrén & Kätterer 1997; Reichstein et al. 2000) , where the subscripts tot and avg mean total and average: eqn 10
While the steady-state assumption is not proven (potentially introducing errors into the calculation of k 2 ), small errors in the stable C decay constant k 2 do not alter the short-term dynamics. The independent calibration of the soil organic C balance model (ICBM) for the Puéchabon site leads to the parameterization given in Table 2 and the time-course of litter input as shown in Fig. 1 . The litter input rate has a distinct maximum in May and a secondary maximum in November.
 
Standard errors of non-linear regression parameters were estimated by a bootstrapping algorithm. The original data sets consisting of 5-day aggregated ecosystem respiration, soil temperature and SWC were randomly resampled (with replacement) 500 times, where each resample was made up to the same number of data points as the original data set. The nonlinear regression (nonlinregress in PV-WAVE 6; Visual Numerics Inc 1993) was run for each resample, resulting in 500 parameter estimates per original data set. The standard deviation of these 500 estimates is a good measure of the random error associated with the individual regression parameters (Efron & Tibshirani 1993) .
Model performance was measured with the statistic 'modelling efficiency' (MEF) as recommended by Janssen & Heuberger (1995) , defined as eqn 11
where OBS i and SIM i are the corresponding observed and simulated values. In contrast to the coefficient of determination (r 2 ), the modelling efficiency measures not only the correlation between modelled and observed data, but also their 'coincidence', i.e. the deviation from the 1 : 1 line. 
Results
    
During the study years, both sites experienced characteristic Mediterranean weather conditions (Fig. 2) . The drought at Puéchabon lasted for slightly more than 2 months (from the end of June just before the measurements started until the beginning of September). Soil water was severely depleted during this period. Low rainfall during August 1998 recharged only the upper centimetres of the soil (Fig. 2, top) , while intensive autumn rainfalls in September rapidly and completely recharged the soil. Soil temperature fluctuated between 20 and 30 °C during the summer drought and declined to near zero in winter (Fig. 2, bottom) . At Castelporziano, the summer drought lasted from the beginning of June until October, leading to a continuous soil water depletion. Similar to Puéchabon, temperatures at Castelporziano were highest in July and August, but were slightly lower than at Puéchabon. At both sites, water dynamics in the upper soil layer were well described by the model (Fig. 2, top) . At Puéchabon and Castelporziano, modelling efficiencies were 0·64 and 0·96, mean absolute errors 0·004 and 0·016 m 3 m -3 , respectively. Daily averages of modelled soil temperatures compared well to the observed data at the Castelporziano site (Fig. 2 , bottom, MEF > 0·9).
 
The annual course of ecosystem respiration was similar at both sites, exhibiting a clear decrease from early to late summer, and an immediate strong increase after the first rain in autumn (Fig. 3) . However, the absolute rates (calculated for 15 °C and optimum water content) differed between the sites (Table 3) , and their ratio approximated the leaf-area ratio between the sites (Table 1) . The different non-linear regression models of ecosystem respiration performed quite differently (Table 3) . The widely used model I explains only 70% of the variance of ecosystem respiration for the Puéchabon siteand 54% for Castelporziano. More importantly, from the residual plot versus soil moisture (Fig. 4a) it is obvious that the model had a systematic bias, underestimating the flux at medium water contents and overestimating the flux at high and low water contents. Additionally, this model gave unrealistic results at high water contents (Fig. 4b) : according to this model there was an increasing flux with increasing moisture, even above field capacity.
In contrast, the modified soil moisture function (model II) did not exhibit these properties (Fig. 4b) . The shape of the difference curve is quite similar to the residual curve in Fig. 4 . The modified soil moisture function (model II) provides distinctly better fits (Table 4) , modelling efficiency and r 2 ranging between 0·68 and 0·83. Also, model II was unbiased for moisture and temperature (see residual plots, Fig. 5 ). The residuals were statistically independent from friction velocity (u*) (Fig. 5) , suggesting that the removal of u* below the threshold value was satisfactory. Finally, with the optimized parameters the shape of the curve was more realistic than with model I ( Fig. 4b ; Table 3) : it rapidly approached a maximum and increased little in wet soil. On both sites, the model fit resulted in a parameterization with a high sensitivity of ecosystem respiration to soil moisture. The half-maximal water content (θ 1/2 ) was less than 3% above the residual water content.
Although model II satisfactorily described the response to drought without bias, one assumption can be questioned from the results of model III and IV: the assumption that temperature sensitivity (Q 10 ) is independent of soil moisture. In model III the data were classified into moisture classes, and Q 10 functions fitted to the data (Fig. 6 ). Respiration at a reference temperature of 15 °C increased with increasing moisture (Fig. 7) . In addition, the Q 10 of respiration at both sites increased monotonically from about 1·0 (no response) in dry soil to above 2·0 at field capacity (Fig. 7) . When data from the two sites were pooled, the trend of increasing Q 10 with soil water content was highly significant (P < 0·01; N = 7; Spearman's rank correlation). A moisture-dependent Q 10 was also found when the Q 10 was expressed as a linear function of soil moisture (model IV, eqn 6): At both sites the slope was positive, and for Puéchabon the Q 10 of respiration increased by 0·96 if soil water content increased by 0·1 m 3 m -3 (Table 4 ). However, in this multiple non-linear regression the standard errors were relatively large. Although the fit of model IV was good (Fig. 8a) , the time-course of the residuals varied seasonally (Fig. 3) , for example, at the Puéchabon site a trend in the residuals was perceptible from August to October.
   
The estimated soil microbial respiration with ICBM averaged 1·0 µmol m -2 s -1 or about 50% of the estimated ecosystem respiration in the period. The relative proportion of soil microbial respiration to ecosystem respiration did not change substantially over time, despite the non-uniform litter input. According to the ICBM, the labile C pool changed by a maximum of 4·4 mol m -2 (7%) and normalized soil microbial respiration changed by an even smaller percentage (Fig. 9) . The most rapid change of approximately -2% per month occurred in September and October.
Discussion
The normalized ecosystem respiration rates of the two sites (R eco,ref ) differed between the sites by a factor of 1·16, nearly the same factor as the leaf area index (LAI; 1·21). This result is expected, as leaves themselves respire, and supporting respiring tissue (stems, roots) and litter input to the soil generally increase with LAI. If species composition and other conditions do not change, LAI should be a good predictor of normalized ecosystem respiration. If this hypothesis remains valid, it could profitably be used in combination with remotely sensed vegetation indices. 0·41  0·62  0·35  0·25  0·37  1·10  0·69  0·74  0·68  MEF  -0·29  0·19  0·86  0·94  0·83  0·01  0·58  0·72  0·69  r   2   -0·29  0·19  0·86  0·94  0·83  0·01  0·58  0·72  0·69 $: θ = soil water content (m 3 m −3 ); #: FC = field capacity; §: n.a. = not applicable.
At both sites ecosystem respiration exhibited a clear seasonality, with maxima occurring in spring and autumn. A clear drop in ecosystem respiration occurs during the drought, and the autumn peak coincided with the first rain event. Consequently, a large proportion of the variance can be explained by a non-linear regression on soil temperature and moisture. The estimated temperature dependence of ecosystem respiration (expressed as Q 10 at 15 °C) is weaker than previously found for soil C mineralization (Leirós et al. 1999 ), but slightly higher than for leaf respiration (Tenhunen et al. 1987) in Mediterranean-type ecosystems.
The residual analysis shows no bias of the temperature function provided by Lloyd & Taylor (1994) . However, the often-used simple Michaelis -Mententype function for the dependence of respiration on soil moisture (e.g. Carlyle & BaThan 1988; Hanson et al. 1993 ) was inadequate to describe the dynamics. It introduces a bias because its sensitivity to soil moisture in dry soil is too low. Thus a modification of this model function is proposed, introducing a residual water content at which respiration ceases (eqn 5). This is consistent with parameterizations based on soil physical retention curves, where the soil water potential is highly sensitive to moisture content in drier soil (Marshall & Holmes 1988) and where a residual water content is often introduced at which water potential converges toward infinity (e.g. van Genuchten 1980) . In addition, and in contrast to the 'simple' function, the proposed function (eqn 5) does not predict increasing respiration at water contents above field capacity. The modified function should be preferred for both theoretical and empirical reasons, at least in dry soil.
Inter-site comparisons of parameters such as SWC 1/2 in this study are difficult, because volumetric soil water content provides no direct indications about water availability. In the highly rocky soil (>70% coarse fraction) at Puéchabon, for example, a water content of 0·06 m 3 m -3 indicates a relatively high water availability, while the same volume fraction at Castelporziano represents relatively low water availability. As a surrogate for water availability, the water content can be expressed as a percentage of field capacity, here defined as water content at a matric potential of 330 hPa. Then the RSWC 1/2 values are quite similar, around 40% of field capacity with overlapping confidence intervals, indicating that relative soil water content is a better measure of soil water availability than absolute volumetric moisture content. It is also possible to use soil water potential as the independent variable in the moisture function, but water potential is not as conveniently measured as volumetric moisture by means of TDR or neutron probe, particularly under very dry conditions.
An assumption made in most soil respiration models is that respiration can be described by a simple multiplicative effect of temperature and moisture. This was challenged for ecosystem respiration by two different data analyses. The temperature sensitivity of respiration was not independent of moisture, but the Q 10 increased from about 1·0 to >2·0 with increasing moisture, suggesting a model with an increasing Q 10 for increasing soil moisture (eqn 6). It might be argued that the predictive power of this model IV was similar to model II (only slightly higher r 2 ), but the relatively good performance of model II results from its 'effective' parameterization via the regression analysis and does not necessarily mean that it is correct. A Q 10 varying between 0·8 and 2·6 with soil moisture was reported by Carlyle & BaThan (1988) . Recently, Borken et al. (1999) also found a flatter response curve of soil respiration to temperature in an experimental drought plot compared to a well watered plot.
Several mechanisms may account for an apparently variable Q 10 of soil and ecosystem respiration.
(i) There is evidence that Q 10 of decomposition is higher for labile than for stable substrates (Anderson 1991; Liski et al. 1999) . Labile substrates are often associated with coarse fractions (litter), and these dry out first, so that they do not respire under dry conditions. Consequently, the Q 10 drops, because under dry conditions most respiration comes from more stable material, which only allows a lower Q 10 .
(ii) A similar effect would occur with partial inactivation of the rhizosphere during soil drying, as a higher Q 10 was found in the rhizosphere than the bulk soil .
(iii) In the dry period, C assimilation of the canopy was severely reduced, so that fewer assimilates are expected to be transported towards the rhizosphere (source limitation of rhizosphere respiration) leading to the same effect as in (ii).
Because whole-ecosystem respiration was studied here, we emphasize the importance of effects such as varying Q 10 at the ecosystem level. We need more information on how temperature and drought affect respiration. These results have implications for future climate-change scenarios (e.g. Cox et al. 2000) . They stress the importance of changes in soil moisture in two ways: not only is the direct sensitivity of ecosystem respiration to soil moisture in a dry soil important, but also the indirect moisture effect on the temperature dependence would reduce the respiration-enhancing effect of higher temperatures. The results of Lloyd & Taylor (1994) , indicating a decreasing Q 10 of soil respiration with increasing temperature, may result from the correlation between drier and warmer soil temperatures. In support of this idea, Kätterer et al. (1998) found no such temperature effect on the Q 10 from a compilation of laboratory studies which were performed at optimal moisture. This calls for testing of other data sets to determine whether this pattern is general.
With the regression model IV (eqns 5 and 6), more than two-thirds of the variation in measured ecosystem respiration was explained at both sites. The variation not explained by the models may be associated with several errors. At least four factors might have contributed to this partial disagreement.
(i) There is still some random error in the eddy covariance data, despite aggregation into 5-day periods. Particularly when the data were fluctuated around the relatively stable model values (e.g. February to April in Castelporziano, or December in Puéchabon), this error seems probable, although no systematic dependency on friction velocity (u*) has been found. For instance, varying source areas of the CO 2 fluxes ('footprint') might have contributed to the variation in estimated ecosystem respiration.
(ii) The data were pooled into 5-day intervals in order to obtain a relatively large number of data points, which reduces the random error inherent to the eddy covariance measurements by the factor size (Moncrieff et al. 1996; Sachs 1996) . While reducing the random error of the measurements, naturally occuring variability is also 'smoothed' out. As respiration depends non-linearly on soil moisture and temperature, aggregation errors must be expected (Lischke et al. 1997; Rastetter et al. 1992) . This error was estimated by applying the fitted respiration model function to the hourly values of temperature and moisture from the soil model and averaging the function over the same period that was used for averaging the driving variables. For both sites, the aggregation error for respiration was less than a 2% overestimate (Reichstein 2001) .
(iii) A third source of error is that the predictor variables themselves are a model output, although the agreement between modelled and measured soil conditions was good.
(iv) Most importantly, the large ecosystem respiration in May / June for Castelporziano, and the underestimation of respiration by the best abiotic model IV in October on the Puéchabon site, indicate that seasonality of biotic processes influences the annual course of ecosystem respiration.
Several biotic factors might contribute to seasonal variability in respiration: phenologically controlled respiration of leaves, roots and rhizosphere Ryan et al. 1997) ; death and regrowth of microbes within drying-rewetting cycles (Orchard & Cook 1983; Pulleman & Tietema 1999) ; macrofaunal activity (Coleman 1996) ; and variability in litter fall and root death and, thus, changes in available C pools for decomposition. While (in contrast to deciduous forests) intra-annual changes in LAI are minor at our two evergreen forest sites, growth respiration of fine roots and new leaves may still have contributed to the large ecosystem respiration in May at Castelporziano.
The importance of seasonal variability of soil C pool size appeared to be minor in this study. By applying a dynamic soil organic matter decomposition submodel, the labile pool size varied by 7% maximally, despite sixfold month-to-month changes in litter input. The relatively small inputs cannot significantly influence the overall litter pool for decomposition throughout the season (monthly input is maximally 23% of the litter pool). With changes in pool sizes of 7%, changes in normalized soil microbial respiration were only 5% or 0·1 µmol m -2 s -1
, which is small compared to the residuals of the regression model. Two C pools may be too few to describe intraannual dynamics, and rapid decomposition of labile substances could contribute significantly to seasonal variability (e.g. sugars and amino-acids; Kuzyakov & Demin 1998) . However, a simple calculation suggests that this is improbable. If we conservatively assume that all the soluble sugar in litter input is decomposed within 1 day, the maximal flux from this compartment would be 6 g litter m -2 day -1
, which is negligible. In this calculation, a sugar content in the litter of 500 mg kg -1 was assumed for Q. ilex aboveground litter (Gillon et al. 1994) . Indirect effects of fresh litter ('priming' effect: Anderson & Domsch 1986; Högberg & Ekblad 1996) have not been considered.
It is possible that soil microbial growth dynamics add to the seasonal variability of ecosystem respiration. Merzouki (1986) found an increase in soil microbial biomass C from 2·0 to 3·2% of organic C within 2 months (September-November), which corresponds to a flux of 1·2% × 3·25 kg C m µmol m -2 s -1 (cf. Ågren & Bosatta 1996) . This exceeds even the residual of the regression model in these months (Fig. 3) . We conclude that microbial growth respiration might contribute more significantly to the seasonality of ecosystem respiration in an evergreen forest than do changing litter pools, and the actual effect should be more thoroughly studied in combination with root growth (Merzouki 1986; Ryan et al. 1997) . The dynamics of litter pools have more influence on the interannual variability of C fluxes, because the time during which litter pools potentially build up or disappear is longer.
A second reason for applying the soil C balance model (ICBM) was to estimate soil microbial respiration at Puéchabon to make an initial separation from the top-down estimate of ecosystem respiration. The results indicate that microbial respiration was the largest contribution to ecosystem respiration (50%). If we assume that above-and below-ground autotrophic respiration is roughly equal, then root respiration would be 25% of total ecosystem respiration, or one-third of soil plus litter respiration. This agrees with experimental studies in forest and heath ecosystems (Bowden et al. 1993; Chapman 1979) , but is clearly at the lower end of the 30 -70% reported by Raich & Schlesinger (1992) in a global survey. The estimate of soil microbial respiration contributing approximately 50% to ecosystem respiration depends on the reliability of the eddy covariance data and the independent parameterization of the ICBM. If ecosystem respiration was underestimated by the eddy covariance technique by 27%, as in Lavigne et al. (1997) , soil microbial respiration would still be 40% of total ecosystem respiration, and root respiration would be 42% of total soil respiration, with the same assumption about autotrophic respiration partitioning as above. Another interesting hypothesis from the data-model comparison is that not only decomposition, but also autotrophic respiration, is strongly affected by the drought. For the Puéchabon site, only 0·5 µmol m -2 s -1 respiration (= observed ecosystem respiration minus modelled decomposition respiration at the end of the drought) would be left for plant respiration at 25-30 °C air temperature. This would mean a considerable reduction in leaf respiration through drought, which is not yet included in models (cf. Baldocchi 1997; Tenhunen et al. 1994; Williams et al. 1996) . This hypothesis is supported by some data (Pereira et al. 1986; Tretiach et al. 1997) . Tretiach et al. (1997) studied Q. ilex leaves and found small differences in leaf respiration rate between August and October, although air temperature differed by more than 10 °C.
Conclusions
(i) A drought-and temperature-dependent intra-annual time-course of ecosystem respiration was derived from eddy covariance data for two Mediterranean evergreen oak forest sites.
(ii) The Lloyd & Taylor (1994) model for temperature dependence of soil respiration performed well.
(iii) However, a new functional dependence of ecosystem respiration on soil moisture is suggested, with a higher sensitivity at low water contents than in current models.
(iv) In addition, the data reveal that the temperature sensitivity (Q 10 ) of ecosystem respiration increases with soil moisture, so that the validity of commonly used multiplicative models is questioned.
(v) As a conclusion from the application of a C balance model, the intra-annual dynamic of litter pools is likely to have little influence on the seasonality of ecosystem respiration, but microbial growth dynamics might have a larger influence. If these patterns are confirmed at other sites, the modified relationships (points iii and iv) should be included in future C-cycle and climate-change models.
